ABSTRACT: Understanding the structural and compositional origins of midgap states in semiconductor nanocrystals is a longstanding challenge in nanoscience. Here, we report a broad variety of reagents useful for photochemical reduction of colloidal CdSe quantum dots, and we establish that these reactions proceed via a dark surface prereduction step prior to photoexcitation. Mechanistic studies relying on the specific properties of various reductants lead to the proposal that this surface prereduction occurs at oxidized surface selenium sites. These results demonstrate the use of small-molecule inorganic chemistries to control the physical properties of colloidal QDs and provide microscopic insights into the identities and reactivities of their localized surface species. I mproving redox control over semiconductor nanocrystal quantum dots (QDs) is essential for the application of such QDs in electronic and optical technologies and in photocatalysis. Delocalized carriers in metal-oxide and metal-chalcogenide QDs have been introduced using chemical, 1 electrochemical, 2−6 and photochemical methods. 7, 8 Studies of these chemistries are often complicated by contributions from redox-active midgap states. Depending on their redox state, such surface species can trap carriers, introduce fast nonradiative decay pathways for core QD photoexcited states, or participate in irreversible nanocrystal degradation. Localized surface redox chemistry has been shown to affect QD photoluminescence (PL) and blinking 9,10 and can sustain picosecond trap-assisted Auger recombination dynamics.
I
mproving redox control over semiconductor nanocrystal quantum dots (QDs) is essential for the application of such QDs in electronic and optical technologies and in photocatalysis. Delocalized carriers in metal-oxide and metal-chalcogenide QDs have been introduced using chemical, 1 electrochemical, 2−6 and photochemical methods. 7, 8 Studies of these chemistries are often complicated by contributions from redox-active midgap states. Depending on their redox state, such surface species can trap carriers, introduce fast nonradiative decay pathways for core QD photoexcited states, or participate in irreversible nanocrystal degradation. Localized surface redox chemistry has been shown to affect QD photoluminescence (PL) and blinking 9, 10 and can sustain picosecond trap-assisted Auger recombination dynamics. 11 A greater understanding of this surface redox chemistry is necessary for advancing QD applications.
Recently, we communicated that CdSe QDs can be photodoped upon treatment with Li[Et 3 BH] ( Figure 1A ) to yield highoptical-quality n-type colloidal QDs. 7 Photodoping allows the redox properties of free-standing colloidal QDs to be studied under well-controlled conditions without depositing them onto electrodes or altering their native surface ligation. The Cd 2+ /Se x− ratios at CdSe QDs surfaces impact the band-edge potentials dramatically and alter the slow (milliseconds to hours) spontaneous surface trapping of the delocalized conductionband (CB) electrons, 12 a phenomenon potentially related to PL blinking. More detailed investigations into the redox chemistries of colloidal QDs that enable photodoping and govern electron trapping will provide new insights into this important class of materials and will advance our ability to control their functional properties relevant to various QD applications. Here, we report a much broader array of reducing agents that can be used for photodoping of CdSe QDs than examined previously. We further show that most of these photodoping reactions are initiated by dark thermal prereduction of surface sites and that photodoping then proceeds via photooxidation of these reduced surface species. Figure 1B illustrates the characteristic absorption bleach at the first exciton observed upon photodoping. Occupation of the CB by excess delocalized electrons bleaches the visible band-edge absorption and introduces new infrared intraband absorption. The magnitude of the exciton absorption bleach is proportional to the average number of electrons per QD, given by ⟨n⟩ = 2(A 0 − A)/A 0 = −2ΔA/A 0 . 6, 13 Figure 1C illustrates that continuous photoexcitation adds CB electrons to the ensemble of CdSe QDs up to a maximum value of ⟨n max ⟩. ⟨n max ⟩ is reached at steady state when the photodoping rate equals the rate of subsequent surface electron trapping. 12 Li[Et 3 BH] is a "complex" reductant and does not display reversible one-electron chemistry.
14 The photodoping process described in Figure 1 must therefore be more complicated than a simple electron-transfer reaction. The mechanism of hole quenching was explored by monitoring the impact of triethylborohydride on the CdSe QD PL. Figure 2A To test the possibility that redox-active surface species participate in photodoping, a sample of CdSe QDs was treated with the strong reductant sodium naphthalenide, (E O = −3.10 V vs Fc + /Fc in THF). 14 Sodium naphthalenide is capable of directly injecting electrons into the CdSe CB. 1 For one sample of CdSe QDs, an excess of sodium naphthalenide (∼60 equiv/QD) was required before stable CB electrons were observed optically. When the same QDs were treated with fewer equivalents of sodium naphthalenide (∼40 equiv/QD), no band-edge absorption bleach was observed until the sample was photoexcited, at which point CB electrons appeared. We conclude that these photodoping reactions proceed by a two-step mechanism in which surface species are first reduced in a dark reaction and are then reoxidized by photogenerated holes. Reducible surface states in CdSe QDs have been detected spectroscopically 13 and by direct chemical titration of photodoped CdSe QDs. 7 Because they constitute a minority of the QD atoms and likely possess inhomogeneous speciation, it has been challenging to deduce their chemical identity using typical spectroscopic or electrochemical methods.
To broaden the scope of this photodoping chemistry, which helps to elucidate the mechanism and may also potentially allow a broader range of QDs to be photodoped, we tested a number of different reductants (Table 1) . The results of these experiments suggest surface selenium reduction rather than cadmium reduction as the critical dark reaction. We find that nucleophilic organometallic reagents such as tert-butyllithium, methylmagnesium bromide, and mesitylmagnesium bromide can be used to photodope CdSe QDs (Table 1 , entries 4−6). The QDs can be treated with tens of equivalents of these reagents in the dark without any change in the QD absorption spectra, although excess reductant results in QD precipitation or etching. Other organometallic reagents like diethylzinc also can be used to photodope the CdSe QDs ( 8 We also examined other, nonorganometallic, reagents known to selectively reduce selenium compounds. For example, organodiselenide compounds can be treated with tributylphosphine and sodium hydroxide to form the corresponding trialkylphosphine oxide and the reduced sodium organoselenide. 30 Under the same conditions, cadmium oleate is not reduced to cadmium metal (see SI). We find that CdSe QDs suspended in 2:1 THF/toluene, when treated with a large excess of PBu 3 or PEt 3 followed by a degassed solution of aqueous NaOH, can indeed be photodoped (eq 1), while the same QDs in the absence of either reagent do not photodope. 31 This result suggests that photodoping proceeds specifically via reduced surface selenium moieties and not through cadmium reduction. (1)
Scheme 1 diagrams the proposed surface selenium chemistry involved in photodoping. We hypothesize that as-prepared CdSe QDs (1) have a population of oxidized surface selenium species. These may include diselenides, as proposed computationally. 32 The oxidized surface selenium species can be attacked by Grignards or other reagents to form reduced selenides terminated either by organic groups or metal cations (2) . 33 Under photoexcitation, these reduced selenide moieties can quench photogenerated valence-band (VB) holes, yielding CdSe QDs with delocalized CB electrons (3). Importantly, localization of these CB electrons back into these specific surface traps is very slow. 12 We note that EPR signals are not detected during photodoping, which may suggest that a secondary electrontransfer step follows VB hole quenching, as proposed for "current doubling" in ZnO photodoping. 34 This second electron-transfer step would likely be coupled to a structural rearrangement, which would be consistent with the observation that the CB electron is not immediately recaptured by the now-empty surface trap.
Selenium reduction promoted by organometallic reagents could conceivably proceed by one-or two-electron processes. To test the possibility of a one-electron selenium reduction route, other reagents that are known to follow one-electron radical pathways were tested for QD photodoping. We find that organotin reagents such as hexamethylditin and tributyltin hydride are indeed effective at photodoping CdSe QDs (Table  1 , entry 9), but their reactions are much slower than those of the other reagents in Table 1 and require many more equivalents of reductant. We propose that surface radicals are formed under photoexcitation that then react with these organotin compounds to form reduced surface selenide sites. Excitation of CdSe QDs in the presence of the spin trap phenyl N-tert-butylnitrone confirms that radicals are indeed formed under irradiation, possibly by homolytic dissociation of surface diselenides or by disproportionation of Se 0 and Se 2− centers. Because the reaction between surface radicals and the organotin compounds would be diffusionlimited, photodoping of CdSe QDs with these reagents is slow and requires a high concentration of the organotin compound. Additionally, we find that CdSe QD surfaces can be prereduced via dark thermal treatment with tributyltin hydride and azobis(isobutyronitrile) (AIBN), included as a radical initiator, and that these prereduced QDs then exhibit photodoping rates similar to those treated with the organometallic reductants (see SI). Surface prereduction can thus proceed via radical intermediates when using organotin reductants. This finding does not rule out the possibility of two-electron surface reduction when using other reductants in Table 1 .
The motif of reduced surface selenide moieties counterbalanced by metal cations proposed here (2 in Scheme 1) resembles molecular nucleophilic selenide species. 33 To explore this analogy, CdSe QDs with prereduced surfaces (2) were investigated for alkylation reactivity with electrophiles. Scheme 2 diagrams one such reaction. After surface reduction with MesMgBr (50 equiv/QD) to form the proposed reduced selenides with magnesium halide counterions (2 Mg ), these QDs were then treated with 6-bromo-1-hexene as the alkyl halide electrophile, and the mixture was refluxed in THF for 24 h. After acid digestion and extraction of the organics, the corresponding di(5-hexenyl) diselenide compound was detected by GC−MS, consistent with QD surface alkylation (4). The same reaction of 6-bromo-1-hexene with unreduced CdSe QDs (1) followed by acid digestion still forms some of the corresponding diselenide compound, but in much lower yield (<40% conversion). These results support the proposal that treatment of CdSe QDs with the organometallic reagents of Table 1 forms reduced surface selenide moieties as illustrated in Scheme 1. This chemistry also suggests an intriguing new method of QD surface functionalization.
CdSe photodoping is proposed to proceed through similar reduced surface selenide moieties for all reductants examined here. Table 1 shows that ⟨n max ⟩ depends on the identity of the reducing agent, however. Reductant-dependent variations in ⟨n max ⟩ were also observed for ZnO QD photodoping. 8, 35 In CdSe QDs, ⟨n max ⟩ is determined kinetically by competing photodoping and electron-trapping processes. 12 Differences in ⟨n max ⟩ could result from variations in the surface density of reduced selenide moieties, the metal cation (Li + , Na + , [MgX] + , etc.), or steric access of the reducing agents to the surface. Unexpectedly, MesMgBr, a sterically hindered Grignard reagent, generated nearly twice as many CB electrons compared to MeMgBr. Bimesityl was identified as a reaction byproduct (GC−MS), suggesting the possibility that MesMgBr can reduce surface Se x− via outer-sphere electron transfer to form the reduced selenide and an aryl radical. In contrast, no ethane was detected during the reaction of MeMgBr with CdSe QDs.
To further clarify the dependence of ⟨n max ⟩ on the sterics of the reducing agent, CdSe QD photodoping by a series of substituted hydrazine reductants was examined. Rather than displaying a dependence on N−H bond strength, ⟨n max ⟩ correlates most 2 . The observation that hydrazine reagents can be used to photodope CdSe QDs is important in part because hydrazine is commonly used during the preparation of QD films for conductivity or photoconductivity studies. 36−40 Prior studies have focused on the roles of hydrazine for reducing interparticle spacing 40 and "charge-transfer" n-doping. 36, 41 Computational studies have claimed that hydrazine is not able to directly access the PbSe QD CB. 42 The results here raise the possibility of unintentional photodoping of QD films after treatment with hydrazine and exposure to ambient photoexcitation. Indeed, given the number and variety of chemical reagents (Table 1) active for photoreduction of CdSe QDs, unintentional photodoping is likely a relatively common occurrence.
In summary, CdSe QD photodoping is demonstrated with a broad variety of reductants. The photodoping reaction is shown to proceed through dark prereduction of the QD surfaces prior to photoexcitation. The experimental results suggest that this dark reduction step occurs at oxidized selenium moieties. Surface selenium reduction can proceed through one-or two-electron processes and using several different reducing agents, including borohydrides, organometallic reagents, organotin compounds, and hydrazine compounds. The rich chemistries of these surface moieties suggest intriguing new possibilities for tuning functionally relevant QD physical properties via targeted surface modification involving redox transformations. These results have important implications for future fundamental studies and applications of colloidal semiconductor QDs. 
